Abstract-In this paper, the channel model is proposed to compute the path loss, delay and noise at THz band of interest (0.5 THz ∼ 1.5 THz). The results shows that THz band channel is strongly dependent on both the type of the medium and the distance while the concentration of water have a lot of influence because it not only causes attenuation to the THz wave but also introduces non-white noise. Therefore, the proposed model paves the way to the further studies considering more body structures and tissue properties.
I. INTRODUCTION
It has been found out that graphene-based plasmonic nanoantennas are expected to work at THz band [1] , [2] , [3] ; thus, THz band is considered as a promising candidate for nano-communication. At the same time, a substantial amount of work has been performed on the channel characterization and modeling for body-centric wireless communications at microwave frequencies and mm-wave band [4] . Statistical onbody path loss models for different links and body scenarios have been developed by analyzing the measurement data from on-body propagation with two patch antennas working at 2.45 in an anechoic and lab environment [5] . The path loss model of radio propagation in human tissues was presented in [6] and subsequently compared to experimental results for muscle, validating the reliability of the numerical simulation at 2.45 GHz. A numerical modeling method using parallel FDTD was applied to study the radio propagation and system performance of the wireless body area network at UWB band [7] , proving that both channel performance and system performance are subject-specific. The path loss model for mmwave was studied by comparing the numerical results from Remcom XGTD and measured data in [8] , which indicated the path loss model for on-body communication at 94 GHz was closely related to the body shape and garments. At the same time, several papers on THz indoor communications have been published [9] , [10] . In addition, the optical parameters of human tissues up to 2.5 THz have been empirically characterized in [11] , [12] following the discussion of the possibility of applying EM waves in nano-networks [13] . The channel model for THz wave propagating in the air with different concentration of the water vapor was presented in [14] and the corresponding channel capacity was also studied. Based on the characteristics of the channel, a new physical-layer aware medium access control (MAC) protocol, Time Spread On-Off Keying (TS-OOK), was proposed [15] . Meanwhile, the applications of THz technology in imaging and medical field [16] , [17] has also achieved great development and the biological effects of THz radiation are reviewed in [18] showing minimum effect on the human body and no strong evidence of hazardous side effects. However, most work presented in the open literature does not explicitly investigate the EM channel modeling at THz for the body-centric nano-networks, which would be the main contribution in this paper.
II. PATH LOSS A modified Friis equation has been proposed by Jornet et al.
in [14] to calculate the path loss of the THz channel in water vapor, which can be divided into two parts: the spread path loss and the absorption path loss . Similarly, the path loss in human tissues can also be divided into two parts:
where, stands for the frequency while is the path length. The spread path loss is introduced by the expansion of the wave in the medium, which is defined as:
where = / stands for the wavelength in medium with as the free-space wavelength and as the real part of the infractive index, and is the travelling distance of the wave. In this study, the electromagnetic power is considered to spread spherically with distance.
The absorption path loss accounts for the attenuation caused by the molecular absorption of the medium, where part of the energy of the propagating wave is converted into internal kinetic energy of the excited molecules in the medium. The absorption loss can be obtained from the transmittance of the medium ( , ):
The dependency of the channel path loss for blood, skin and fat on the distance and frequency is shown in Fig. 1 . It is demonstrated that there are some fluctuations in each individual figure due to the fact that absorption path loss is related to the extinction coefficient, , which is not an analytical function along the required frequency band, in addition to the expected increase in path loss values with larger distances and higher frequency components. For different tissues, the path loss varies: with blood experiencing the highest losses, followed by the skin due to the water concentration, which contributes a significant absorption path loss. At the level of the millimeters, the path loss of the blood is around 120
, while the skin is around 90 and the fat is around 70 . Compared with the channel attenuation of the molecular communication [19] , the future of the EM paradigms is promising because at 1 (here, the frequency is the operation frequency of the RC circuit which depicted the emission and absorption process of the diffusion-based particle communication) and at a distance of 0.05 the molecular channel attenuation is above 140 which is substantially higher than the case for blood at the distance of 1 applying THz EM communication mechanism. In [20] , the capacity was also compared between the two paradigms, showing that that the EM communication keeps extremely high data rate until the distance is shorter than 10 while the molecular communication scheme provides much lower capabilities.
III. DELAY
As the name indicates, the propagation delay is the length of time it takes for waves travelling from the origin:
where, is the path distance while = / is the wave speed in the medium.
The delay of blood, skin and fat are shown in Fig. 3 . From the figures, it can be easily seen that the effect of the frequency on the delay can be ignored since the refractive index is considered as the same over this band here; but in fact the refractive index is not analytical over the band of interest. At the same time, the delay increase with the increase of the distance but is always at the level of pico-second which shows another advantage of EM communication over the molecular one. By comparing all three figures, we can see that for different tissue type, the delay is different: waves in fat took the shortest time while the wave in blood will travel for the longest time.
IV. NOISE
The molecules along the path not only introduce the attenuation of the wave but also introduce the noise because their internal vibration, provoked by the incident wave, would turn into the emission of EM radiation at the same frequency [21] , which can be measured by the parameter of the emissivity of the channel, :
Where, ( , ) = − ( ) is the transmissivity of the medium, is the frequency of the EM wave, stands for the path length. Thus, the equivalent noise temperature due to molecular absorption can be obtained:
where 0 is the reference temperature, is the frequency of the EM wave, stands for the path length, refers to the emissivity of the channel given by Eq. 5. It should be noted that this kind of noise only appears around the frequencies in which the molecular absorption is quite high. The total noise temperature of the system is composed of the system electronic noise temperature, , and the total antenna noise temperature, , which includes not only the molecular absorption noise temperature, , but also other contributions from several sources, ℎ , such as the noise created by surrounding nano-devices or the same device.
For a given bandwidth, , the total system noise power at the receiver can be calculated as follows:
Where, stands for the noise power spectral density; is the Boltzmann constant; is the equivalent noise temperature.
Because the electronic noise temperature of the system is assumed to be low due to the electron transport properties of graphene [22] , the main factor affecting the channel performance will be the molecular absorption noise temperature, which indicates ≈ . The molecular absorption noise temperature is shown in Fig. 4 . It can be seen that the noise temperature increases with the rise of the frequency and distance, which will lead to the rise of the noise power. At the level of millimeters, the molecular noise temperature reaches 310 , the normal human temperature. The channel performance on path loss, delay and noise were studied in this paper, showing the great potential of the application of THz wave for nano EM communication. The results showed that the channel performance not only related to the distance and frequency, but also depended on the tissue type, mainly the water concentration of the tissue.
